The observation of spin-related phenomena of microcavity polaritons has been limited due to weak Zeeman effect of non-magnetic semiconductors. We demonstrate that the incorporation of magnetic ions into quantum wells placed in a non-magnetic microcavity results in enhanced effects of magnetic field on exciton-polaritons. We show that in such a structure the Zeeman splitting of exciton-polaritons strongly depends on the photon-exciton detuning and polariton wavevector. Our experimental data are explained by a model where the impact of magnetic field on the lower polariton state is directly inherited from the excitonic component, and the coupling strength to cavity photon is modified by external magnetic field.
I. INTRODUCTION
Cavity exciton-polaritons are quasiparticles resulting from the strong coupling between cavity optical modes and exciton resonances. The most frequently studied system consists of an exciton confined in a quantum well embedded in a semiconductor microcavity. During the last decade, intensive research showed that such a system is a well suited playground for investigating fundamental objects like Bose-Einstein condensates 1,2 or polariton superfluids 3, 4 , making the physics of non-equilibrium quantum fluids accessible at higher temperatures 5, 6 . The unique features of polariton condensates set the basis for new polaritonic devices 7, 8 .
In recent years an interest in the magneto-optical properties of cavity polaritons has risen [9] [10] [11] [12] [13] [14] [15] [16] [17] [18] . In the extensively studied GaAs-based microcavities the polariton Zeeman splitting is of the order of the emission linewidth in magnetic fields easily accessible in laboratories 16 . However, semimagnetic semiconductors offer the opportunity to enhance magneto-optical effects via the exchange interaction between the d-shell electrons of a magnetic ion and the s-shell electrons and pshell holes of the conduction and valence bands of the host material 19 . This s,p-d exchange interaction leads to enhanced magneto-optical effects like giant Faraday rotation 20 or giant Zeeman splitting 21 . At the same time, the incorporation of magnetic ions can lead also to photoluminescence (PL) quenching and an important lowering of optical quality, what is particularly striking in the case of Ga 1−x Mn x As structures 22, 23 . Another type of material is a semiconductor system relatively resistant to manganese induced optical degradation: Cd 1−x Mn x Te, which was already used as a high refractive index layer in microcavities with Cd 1−x Mn x Te quantum wells 24, 25 . Indeed such a system exhibits strong magneto-optical properties [26] [27] [28] related to the shift of both exciton and photon states 24, 29 , therefore it can be used for tuning the exciton-photon energy difference and for tuning the Rabi oscillation frequency [30] [31] [32] .
Our approach to semimagnetic cavity polaritons is based on redesigned structures where magnetic ions are inserted only in the quantum wells, while the cavity and the distributed Bragg reflectors (DBRs) are made of nonmagnetic materials 33, 34 . We show that in such a case the giant Zeeman effect of polaritons results only from the strong coupling of cavity photons with semimagnetic excitons confined in CdTe quantum wells containing manganese ions.
The giant Zeeman splitting of polaritons is studied in angle resolved photoluminescence and reflectivity experiments. A theoretical model taking into account the dependence of the splitting on the in plane wavevector and the photon-exciton detuning is described. These results are the first step towards the study of spinor polariton condensates 12, 35, 36 with enhanced magneto-optical properties.
II. SAMPLE AND EXPERIMENTAL SETUP
The sample studied in this work was grown using molecular beam epitaxy. On a (100) oriented GaAs substrate a 2 µm thick CdTe buffer is followed by a 780 nm thick Cd 0.86 Zn 0.14 Te buffer. Starting from this buffer layer, the whole structure is lattice matched to MgTe 37, 38 The sample is placed in a magnetic field up to 5 T in a Faraday configuration on the cold finger of an optical cryostat at the temperature of 10 K. The sample is excited non-resonantly by a continuous-wave Ti:Sapphire laser which energy is tuned to the first reflectivity minimum of the cavity stop-band on the high energy side: E exc = 1.76 eV (λ exc = 705 nm). The angle resolved photoluminescence and reflectivity spectra not resolved in polarization are collected, giving a direct information about the polariton dispersion (energy-wavevector dependence), with the wavevector scale being proportional to the angle at which light is emitted from the structure 1 .
III. EXPERIMENTAL RESULTS: IMAGING POLARITON DISPERSION BY PHOTOLUMINESCENCE AND REFLECTIVITY
FIG. 2 illustrates the evolution of the exciton-polariton dispersion in magnetic field for two representative cases of negative (top panel) and positive (bottom panel) photonexciton detunings. The detuning is defined as the difference in energy between the bare cavity mode and the exciton energy at zero emission angle, δ = E ph −E exc , where E ph , E exc are photon and exciton energies respectively. At magnetic field the detuning is defined separately for the two Zeeman-split polariton components. The maps show PL spectra measured as a function of the emission angle, for zero magnetic field (left side panels) and for magnetic fields increasing up to 5 T (right side panels). The Zeeman splitting of the lower polariton state increases with magnetic field, what is very well visible for positive detuning, where the excitonic contribution to the polariton wave function is dominant. Interestingly, also for negative detuning, i.e. photon like lower polariton states, a significant splitting can be observed at high magnetic field (upper-right panel). However in this case, the splitting is visible for high emission angles. Since in a first approximation, the magnetic field affects only excitons, it does not change the photon states 16, 39 , we explain the magnetic-field evolution of a photon-like polariton, as a consequence of the exciton state contribution evolution with k-vector, magnetic field and detuning.
A more detailed analysis of the impact of photonexciton detuning on the polariton dispersion is presented in FIG. 3 , where sets of photoluminescence and reflectivity maps in a magnetic field of 5 T, measured for various values of photon-exciton detuning: from large negative (left side) to small positive (right side) detuning are presented. Both photoluminescence and reflectivity measurements lead to a consistent image of the polariton dispersion. The first conclusion to be imposed, is that the splitting is more visible for the lower polariton with a higher excitonic content. The splitting of photon-like polaritons (negative detuning) is visible only for large values of the wavevector and at zero wavevector, the Zeeman splitting is smaller than the linewidth. In the positive detuning case, the energy difference between the split components of the lower polariton is more pronounced. Furthermore it does not depend so strongly on the wavevector as in the case of negative detuning.
IV. MODELLING POLARITON DISPERSION
We derived a simple theoretical model to explain the behaviour of exciton-polaritons in magnetic field. Heavy holes excitons have a four-fold degeneracy of spin projection on the axis of the cavity: ±2, ±1. The excitons of a spin projection ±2 remain dark, not active with respect to light coupling or photon emission and are neglected in the following consideration. The optically active excitons, with +1 and −1 spin degeneracy, couple to σ + and σ − circularly polarized light, respectively, forming polaritons with two spin projections. Therefore in our model we consider two independent Hamiltonians for both circularly polarized subsystems,Ĥ ± . Moreover, in our QWs the heavy and light hole separation energy is small, and we observe a strong contribution into the polariton states from excitons formed with light holes. In CdMnTe-based QWs the Zeeman splitting of the light hole excitons is one order of magnitude smaller than the splitting for heavy hole excitons 21 . Nevertheless we take into account the splitting of light holes in our model. Our coupling Hamiltonians take the following, three-level model form, each one corresponding to the coupling of heavy and light hole excitons to σ + , σ − circular polarization of light:
where E ph is the cavity photon energy and the energies of light hole and heavy hole excitons are E lh and E hh , re- spectively. The coupling energy between the corresponding excitons with cavity photons is marked as Ω lh and Ω hh . The symbols σ + and σ − correspond to two Zeemansplit components of excitons. The energy of both circularly polarized cavity photons, E ph , is the same and it is expected to be independent of magnetic field, however, to verify this assumption we leave this parameter free in the fitting procedure of the model to the experimental data.
In In the mean field theory, the Zeeman splitting of a heavy hole exciton in semimagnetic semiconductors resulting from s,p-d exchange interaction, scales with the magnetization of magnetic ions 19 . Therefore, for low magnetic ion content, it is proportional to the Brillouin function B 5/2 describing magnetization of noninteracting Mn ions of spin 5/2 at the temperature of the experiment (10 K) 21 . The observed almost linear dependence is due to the fact, that measurements were performed at the temperature of about 10 K what agrees with the shape of the Brillouin function at this temperature, marked with orange solid line in FIG. 4 a) .
For better understanding of magnetic field evolution of electron and hole in our QW we calculated exciton energies by solving the full two-body Schrödinger problem using a variational method 40, 41 . We assumed the exponential form of the relative electron-hole wavefunction and hyperbolic secant wavefunction for both electrons and holes in the direction perpendicular to the QW plane. We take into account change of the exciton energy by calculating the band offset of electron and hole as
where α, β are the exchange interaction constants between magnetic ions and the electrons and holes, respectively, and 1/N 0 is the volume of the elementary crystal cell. We take into account bright excitons for which the spins of electrons and holes are aligned in opposite directions. The exchange integrals are taken according to 21 as N 0 α = 220 meV and N 0 β = 880 meV. As the ion concentration is very low, the mean spin is taken in the dilute limit as
Here µ B is the Bohr magneton, g ≈ 2 is the g-factor of the ions, and H is the strength of external magnetic field in the Faraday configuration. The exciton g-factor of nonmagnetic 20 nm wide QW 42 (g = 0.27) is small enough to be neglected. The theoretical energies shown in FIG. 4 a) with dots agree with experimental data when the sample background temperature T = 10 K is used to estimate the mean spin polarization. Moreover, taking into account the increased overlap of the electron and hole wave functions in magnetic field and the energy shift of the electron and hole levels in magnetic field (therefore the different penetration of the wavefunction in the QW barrier), we calculated the effect of magnetic field on the exciton oscillator strength and on the exciton binding energy. We found that such magnetic field induced dependence is negligible in our structure, and consequently predicted Rabi energy (shown by dots in Fig. FIG. 4 b) is almost constant in magnetic field. It is in contrast to the previous study of (Cd,Mn)Te/(Cd,Mg)Te QWs 41 , but the difference is fully explained by relatively low Mn concentration in the QW and the strength of the confining potential, which both makes that the perpendicular electron and hole wave-functions in our structure remain practically unaffected by the magnetic field. Prediction of almost constant Rabi energy is also different than in case of GaAs-based microcavities, where the Rabi energy and exciton oscillator strength increases in magnetic field 16 , but in II-VI semiconductors exciton size is much smaller and consequently direct effect of magnetic field is much weaker.
Experimentally, by fitting of the model described by Hamiltonians (1) to the observed emission lines, we observe that the Rabi energy of the heavy hole σ + polariton slightly increases in magnetic field and interestingly, the Rabi energy of the heavy hole σ − polariton is observed to decrease in magnetic field. The comparison of the results of the fitting with different parameters for constant and varied Rabi energy in magnetic field is illustrated in Supplemental Material (SI), where we demonstrate that the fitting to the experimental data is more accurate when the Rabi energy is a free parameter. The experimentally observed decrease of Rabi energy in Ω σ − hh is attributed to the effect of field dependent inhomogenous broadening of the exciton linewidth, due to fluctuations of Mn distribution in the QWs. Such broadening is known for semimagnetic semiconductors 43, 44 and is manifested by a significant narrowing of the exciton emission linewidth in σ + polarization and broadening in σ − polarization. We attribute the loss of Rabi energy to the gradual transition to weak coupling of the individual exciton modes. As the magnetically induced broadening is increased, a fraction of localized exciton modes moves out of resonance and becomes weakly coupled to photons, which leads to the decrease of the overall coupling strength. The observed Rabi energy is therefore in our case an effective parameter taking into account coupling of many excitonic transitions with slightly different energy to a cavity mode. The images illustrating the exciton-polariton branches including the inhomogenous broadening of the exciton line are presented in the SI. Such interpretation suggests that the value of the intrinsic Rabi coupling of individual exciton modes does not depend significantly on magnetic field, but due to the effect of inhomogenous Mn distribution in QW, the effective Rabi energy changes.
The giant Zeeman effect of semimagnetic excitonpolaritons in magnetic field is illustrated in FIG. 5 . Based on the fitting of the solution of the Hamiltonian (1) to the experimental data for positive detuning illustrated in FIG. 2 , we plot the energy difference between the two magnetically split lower polariton branches for different emission angles. The right and bottom panels show crosssections of the polariton Zeeman splitting for two different emission angles and for two different values of magnetic field corresponding to the dashed lines marked on the map. We observe that the lower polariton Zeeman splitting increases with emission angle, what indicates that the Zeeman splitting is higher for higher wavevectors. This effect results from the small effective mass of a microcavity photon compared to the one of a QW exciton. Therefore, independently of the detuning at zero wavevector, at higher wavevectors the upper polariton state is more photon-like, whereas the lower polariton state is more exciton-like. Consequently, the lower polariton state is significantly more affected by magnetic field 14, 16 at high wavevectors and the lower polariton energy splitting due to s,p-d exchange interaction is higher for high emission angles.
In the most general case, considering the coupling of cavity photonic mode, E ph , to the heavy hole exciton in the QW, E exc and neglecting the coupling to the light hole exciton, the lower polariton energy in σ + and σ − polarizations can be expressed by the Hopfield coefficients in the following way:
where the χ 2 and C 2 are the excitonic and photonic Hopfield coefficients, respectively 45 . These parameters give a direct measure of the excitonic and photonic content in the polariton state. The polariton Zeeman splitting, being the energy difference between LP σ+ and LP σ− , is therefore given by
or alternatively:
The polariton Zeeman splitting is therefore not directly proportional to the excitonic content in polariton state, as can be well approximated for manganese free GaAsbased structures 16 . The splitting is dependent on all three parameters (all influenced by the magnetic field): Hopfield coefficients, the photon-exciton detuning and the Rabi coupling. In the case of polaritons composed of semimagnetic excitons, the excitonic Hopfield coefficient is significantly influenced by magnetic field and the behaviour is opposite for σ + and σ − polarizations, what is illustrated in FIG. 6 a) for zero and high emission angles for 2 T and 4 T illustrated in FIG. 6 b) .
The linewidth in CdMnTe-based structures is broader than in non-magnetic samples due the inhomogenous Mn distribution. At zero magnetic field it is of 2.35 meV, but it decreases for σ + to 2.2 meV at 5 T and increases for σ − polarization to 2.5 meV. (The mechanism for narrowing and broadening of the polariton emission linewidth in magnetic field is described in SI.) The value of polariton Zeeman splitting was approx. 3 meV at 5 T, at positive detuning at the temperatures of 10 K. However, the polariton Zeeman splitting in our structure can be as high as 10 meV at 5 T at sufficiently low temperature of 1.4 K, being much larger than polariton linewidth. Nevertheless, even with the lower polariton linewidths comparable to the Zeeman splitting at 10 K, separation of the emission lines with opposite circular polarizations is observable in non-polarization-resolved experiment. This is in contrast to the non-magnetic GaInAs structures. Even though, the polariton Zeeman splitting in GaInAs samples is of the order 0.1 meV at 5 T, being comparable or smaller than the polariton linewidth (approx. 0.2 meV) 14, 16 , the significant diamagnetic shift in this materials always results in the decrease of the exciton content for the lower polariton branch at high magnetic fields, which ends up in the decrease of the observable polariton Zeeman splitting in magnetic field. Therefore even at magnetic field of 14 T and at positive detuning, the polariton Zeeman splitting is not resolved from polariton linewidth.
Since for CdMnTe at low fields diamagnetic shift is negligible comparing to giant Zeeman effect, the energy shift in magnetic field for σ + excitons lead directly to increase of excitonic content (χ 2 σ+ ) in polariton mode, as presented in FIG. 6 a) .
The value of the observed polariton Zeeman splitting together with the absence of diamagnetic shift is remarkable and distinguishes our structure based on semi- magnetic CdMnTe semiconductors from any other nonmagnetic microcavity sample. Moreover, the value of the Zeeman splitting can be even further increased with higher Mn content. The size of this effect is a direct consequence of the exchange interaction between delocalized s-and p-type band electrons and localized d-type manganese ions. Even if Zeeman splitting follows a similar law for non-magnetic and magnetic samples its origin is different -for non-magnetic sample the splitting is caused by magnetic field which acts on both (i.e orbital and spin) parts of wavefunction of electron and hole, while in magnetic samples the splitting is due to exchange interaction, i.e. " exchange magnetic field " which acts only on spin part of wavefunction. This means, that magnetic sample is not simply a non-magnetic sample at very high magnetic field.
V. SUMMARY
We studied magnetic field effects on exciton-polaritons created in microcavities with semi-magnetic quantum wells. The manganese ions incorporated into quantum wells enhance magnetic field effects by s,p-d exchange interaction. We demonstrated that the exciton-polaritons formed from semimagnetic excitons exhibit giant Zeeman splitting in magnetic field. We have shown that in these structures, magnetic field changes only the excitonic part of polaritons, and the splitting strongly depends on the photon-exciton detuning and polariton in-plane wavevector. Our results pave the way to the observation of many spin-related phenomena of exciton-polaritons in magnetic field. The giant Zeeman splitting can be crucial in the observation of the spin-Meissner effect 14 , and spin-dependent polariton-polariton interactions 46 . Our results and the fabricated structure are the first step to explore complex phenomena in non-equilibrium spinor condensates of exciton-polaritons based on semimagnetic structures. 
VI. ACKNOWLEDGEMENTS

